We have recently found a novel functional unit of cellcell adhesion at cadherin-based adherens junctions, consisting of at least nectin, a homophilic cell adhesion molecule, and afadin, an actin filament-binding protein, which connects nectin to the actin cytoskeleton. Here we studied a mechanism of cell-cell adhesion of the nectin-afadin system by use of a cadherin-deficient L cell line stably expressing the intact form of mouse nectin-2␣, a truncated form of nectin-2␣ incapable of interacting with afadin (nectin-2␣-⌬C), or a point-mutated form of nectin-2␣ capable of interacting with afadin and a cadherin-expressing EL cell line, which transiently expressed the point-mutated form of nectin-2␣. We found that the interaction of nectin-2␣ with afadin was necessary for their clustering at cell-cell contact sites. However, nectin-2␣-⌬C showed cis dimerization and trans interaction, both of which did not require the interaction of nectin-2␣ with afadin. We have previously shown in EL cells that the interaction of nectin-1 with afadin is necessary for its recruitment to adherens junctions. We found that the trans interaction of nectin-2␣ was furthermore necessary for this recruitment. On the basis of these observations, we propose a model for the mechanism of cell-cell adhesion of nectin and roles of afadin in this mechanism.
We have recently found a novel functional unit of cellcell adhesion at cadherin-based adherens junctions, consisting of at least nectin, a homophilic cell adhesion molecule, and afadin, an actin filament-binding protein, which connects nectin to the actin cytoskeleton. Here we studied a mechanism of cell-cell adhesion of the nectin-afadin system by use of a cadherin-deficient L cell line stably expressing the intact form of mouse nectin-2␣, a truncated form of nectin-2␣ incapable of interacting with afadin (nectin-2␣-⌬C), or a point-mutated form of nectin-2␣ capable of interacting with afadin and a cadherin-expressing EL cell line, which transiently expressed the point-mutated form of nectin-2␣. We found that the interaction of nectin-2␣ with afadin was necessary for their clustering at cell-cell contact sites. However, nectin-2␣-⌬C showed cis dimerization and trans interaction, both of which did not require the interaction of nectin-2␣ with afadin. We have previously shown in EL cells that the interaction of nectin-1 with afadin is necessary for its recruitment to adherens junctions. We found that the trans interaction of nectin-2␣ was furthermore necessary for this recruitment. On the basis of these observations, we propose a model for the mechanism of cell-cell adhesion of nectin and roles of afadin in this mechanism.
We have recently found a novel functional unit of cell-cell adhesion at cadherin-based AJs 1 (1, 2) . This adhesion unit consists of at least nectin and afadin. Nectin is a Ca 2ϩ -independent homophilic CAM, which belongs to the Ig superfamily (2-7). Human nectin is identical to the poliovirus receptorrelated protein (3) (4) (5) (6) and has recently been identified to be the ␣-herpesvirus entry mediator (8, 9) . Nectin constitutes a family consisting of at least nectin-1 and -2 (2-7). Nectin-2 has two splicing variants, nectin-2␣ and -2␦. Each member of the nectin family consists of extracellular three Ig-like domains, a single transmembrane region, and a single cytoplasmic region. The cytoplasmic region has a C-terminal conserved motif of four amino acid residues, which interacts with the PDZ domain of afadin, an actin filament-binding protein, and is linked to the actin cytoskeleton through afadin (1, 2) . Afadin has two splicing variants, l-and s-afadins (1). Human s-afadin is identical to AF-6, the gene of which is originally found to be fused to the ALL-1 gene in acute leukemia (10) . The interaction of nectin-1 with afadin is essential for its recruitment to cadherin-based AJs (2) .
Cadherin is a Ca 2ϩ -dependent homophilic CAM that plays a fundamental role in cell-cell adhesion (for review, see Refs. [11] [12] [13] [14] [15] [16] . Cadherin typically consists of extracellular five tandemly repeated domains, EC1-EC5, a single transmembrane region, and a cytoplasmic region (for review, see Refs. [15] [16] [17] [18] . The distal portion of the cytoplasmic region interacts with catenins, including ␣-, ␤-, and ␥-catenins, which connect cadherin to the actin cytoskeleton. The juxtamembrane portion interacts with p120
ctn (19, 20) . Cadherin forms a cis dimer through EC1, where the monomers are aligned in a parallel orientation (21, 22) . Cadherin shows cell-cell adhesion activity by its trans interaction through EC1, where the monomers interact with each other from opposing cell surfaces in an antiparallel orientation (21, 22) . It has been shown that the adhesion activity is completely abolished by mutation in the cis dimer interface of EC1 (23) , suggesting that the cis dimerization is essential for the trans interaction (23, 24) . The cytoplasmic region of cadherin regulates the cis dimerization and/or trans interaction (19, 20, (25) (26) (27) (28) (29) (30) . The juxtamembrane portion negatively regulates the cis dimerization, presumably through the interaction with p120 ctn . The distal portion positively regulates the trans interaction through the interaction with catenins, although it is not clear whether this portion directly regulates the cis dimerization.
In contrast to cadherin, however, the mechanism by which nectin expresses its adhesion activity has not yet been studied. In this study, we have attempted to examine the mechanism of cell-cell adhesion of nectin and roles of afadin in this mechanism by use of cadherin-deficient mouse L cells and cadherin cDNA-introduced L cells (EL cells), which express intact and mutated forms of mouse nectin-2␣.
EXPERIMENTAL PROCEDURES
Antibodies-Rabbit polyclonal and rat monoclonal anti-mouse nectin-2␣ Abs were prepared as described (2, 6) . Mouse monoclonal and rabbit polyclonal anti-l-afadin Abs were prepared as described (1, 31) . A rat monoclonal anti-E-cadherin Ab (ECCD2) was kindly supplied from Dr. M. Takeichi (Kyoto University, Kyoto, Japan). A mouse monoclonal anti-FLAG Ab was from Eastman Kodak Co.
Construction of Expression Vectors-Eukaryote expression vectors were constructed in pCAGGSneo (32), pCAGIPuro, pPGKIH, and * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed: Dept. of Molecular Biology and Biochemistry, Osaka University Graduate School of Medicine/Faculty of Medicine, Suita 565-0871, Osaka, Japan. Tel.: 81-6-6879-3410; Fax: 81-6-6879-3419; E-mail: ytakai@molbio.med. osaka-u.ac.jp. 1 The abbreviations used are: AJ, adherens junction; CAM, cell adhesion molecule; Ab, antibody; EC, extracellular domain; pm, pointmutated; PBS, phosphate-buffered saline; PAGE, polyacrylamide gel electrophoresis; DiI, 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate. pFLAG-CMV1 (Kodak) using standard molecular biology methods (33) . pCAGIPuro was constructed by replacing the zeocin-resistant gene of pPCAGIZ (34) with the puromycin-resistant gene (35) . pPGKIH was constructed by replacing the chicken ␤-actin promoter and zeocin-resistant gene of pPCAGIZ (34) with the murine phosphoglycerate kinase promoter (36) and the hygromycin-resistant gene (37) , respectively. Various constructs of mouse nectin-2␣ contained the following amino acids: pCAGGSneo-nectin-2␣, 1-467 (full-length); pCAGIPuro-nectin-2␣-⌬C, 1-463 (deletion of the C-terminal 4 amino acid residues); pPGKIH-nectin-2␣, 1-467 (full-length); pPGKIH-nectin-2␣-⌬C, 1-463 (deletion of the C-terminal 4 amino acid residues); and pFLAG-CMV1-nectin-2␣, 28 -467. A point-mutated form of mouse nectin-2␣ (pmnectin-2␣) contained the following sequence: substitution of TTT at codon 136 with CTT (Phe to Leu; see Fig. 5A ). Constructs of pmnectin-2␣ contained the following amino acids: pCAGIPuro-pm-nectin-2␣, 1-467 (full-length); and pFLAG-CMV1-pm-nectin-2␣, 28 -467. The pFLAG-CMV1 vectors were constructed to express the N-terminal FLAG-tagged proteins.
Cell Culture and Establishment of Transformants-L and EL cells were kindly supplied by Drs. Sh. Tsukita and A. Nagafuchi (Kyoto University). These cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. L cell lines stably expressing full-length nectin-2␣ (nectin-2␣-L cells), nectin-2␣-⌬C (nectin-2␣-⌬C-L cells), or pm-nectin-2␣ (pm-nectin-2␣-L cells) were prepared as described (2) . Briefly, L cells were transfected with the pCAGGSneo, pCAGIPuro, or pPGKIH construct using LipofectAMINE reagent (Life Technologies). The cells were then cultured for 1 day, replated, and selected by culturing in the presence of 500 g/ml geneticin (Life Technologies), 10 g/ml puromycin (Sigma), or 500 g/ml hygromycin (Life Technologies), respectively. EL cells transiently expressing FLAG-tagged nectin-2␣ or pm-nectin-2␣ were prepared using the pFLAG-CMV1 construct as described (2) .
Cell Aggregation Assay-Cell aggregation assay was done as described (2) . Briefly, to obtain a single-cell suspension, cells were washed with PBS, incubated with 0.2% trypsin and 1 mM EDTA at 37°C for 5 min, and dispersed by gentle pipetting. Cells were then suspended in Hanks' balanced salt solution (1 ϫ 10 6 cells/ml), placed in 12-well plates precoated with bovine serum albumin, and rotated on a gyratory shaker at 37°C for the indicated periods. Aggregation was stopped with the addition of 2% glutaraldehyde. The extent of aggregation of cells was represented by the ratio of the total particle number at time t of incubation (Nt) to the initial particle number (No).
For mixed-cell aggregation assay, nectin-2␣-L cells were prelabeled with DiI(Molecular Probes, Eugene, OR) as described (38) . The labeled nectin-2␣-L cells were mixed with an equal number of pm-nectin-2␣-L cells or nectin-2␣-⌬C-L cells to give a final concentration of 1 ϫ 10 6 cells/ml and rotated at 37°C for 30 min. After the addition of 2% glutaraldehyde, aggregates were subjected to phase and fluorescence microscopy, and the cell composition (labeled or unlabeled cells) of four-cell aggregates was determined as described (39) .
Immunoprecipitation-Immunoprecipitation was performed as described (2) . Briefly, cells were sonicated in buffer A (20 mM Tris/Cl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 1 g/ml pepstatin A), followed by ultracentrifugation. The supernatant was incubated with the monoclonal anti-nectin-2 Ab at 4°C for 3 h. Protein G-Sepharose beads (Amersham Pharmacia Biotech) were then added to this sample, and incubation was further performed at 4°C for 1 h. After the beads were extensively washed with buffer A, the bound proteins were eluted by boiling the beads in the SDS sample buffer (60 mM Tris/Cl, pH 6.7, 3% SDS, 2% (v/v) 2-mercaptoethanol, and 5% glycerol) and subjected to SDS-PAGE, followed by Western blot analysis.
Chemical Cross-linking-Chemical cross-linking was done as described (7) with slight modifications. Briefly, a single-cell suspension (1 ϫ 10 6 cells/ml) obtained as described above was incubated in PBS with 1 mM bis-(sulfosuccinimidyl) suberate cross-linker (Pierce). After incubation at 14°C for 15 min, the reaction was stopped with the addition of 10 mM Tris/Cl, pH 7.5. Cells were washed with PBS and counted to confirm that there was no aggregation in the cell suspension.
Other Procedures-Immunofluorescence microscopy of cultured cells was done as described (1, 2) . Protein concentrations were determined with bovine serum albumin as a reference protein (40) . SDS-PAGE was done as described (41) .
RESULTS

No Requirement of the Interaction of Nectin-2␣ with Afadin
for Its trans Interaction-We have previously shown that the C-terminal 4 amino acid residues of each nectin family member are responsible for its interaction with afadin (2). We attempted to examine whether this interaction is essential for cell-cell adhesion activity. For this purpose, cadherin-deficient L cells were used, because these cells do not show cell aggregation activity under the conditions used here. We then prepared the following L cell lines: L cells stably expressing various levels of nectin-2␣ (nectin-2␣-L cells; clones 1-3) and L cells stably expressing various levels of the C-terminal 4 amino acid residue-deleted mutant of nectin-2␣ (nectin-2␣-⌬C-L cells; clones 1-3). The expression levels of nectin-2␣-⌬C protein in nectin-2␣-⌬C-L cell clones 1-3 were similar to those of nectin-2␣ protein in nectin-2␣-L cell clones 1-3, respectively (Fig.  1, A1 and A2) . By use of these cell lines, we examined cell aggregation activity. Nectin-2␣ and nectin-2␣-⌬C showed similar cell aggregation activity (Fig. 1, B and C1-C3) .
To confirm whether afadin interacts with nectin-2␣ but not with nectin-2␣-⌬C in intact cells, nectin-2␣-L cells (clone 3) and nectin-2␣-⌬C-L cells (clone 3) were subjected to immunoprecipitation using the monoclonal anti-nectin-2 Ab. Afadin was coimmunoprecipitated with nectin-2␣ but not with nectin-2␣-⌬C (Fig. 2) . These results indicate that the interaction of nectin-2␣ with afadin is not essential for its trans interaction.
No Requirement of the Interaction of Nectin-2␣ with Afadin for Its cis Dimerization-It has previously been shown that nectin-2␣ forms a cis dimer (7). To first confirm this result and to then examine whether nectin-2␣-⌬C also forms a cis dimer, nectin-2␣-L cells (clone 3) and nectin-2␣-⌬C-L cells (clone 3) were dissociated to single-cell suspensions and incubated with a cell surface cross-linker, bis-(sulfosuccinimidyl) suberate, followed by Western blot analysis using the polyclonal anti-nec- tin-2␣ Ab. The cross-linking of each cell line resulted in the formation of an additional band with a molecular mass of ϳ140 kDa that corresponded to the dimeric form (Fig. 3) . The extent of dimerization of nectin-2␣-⌬C was similar to that of nectin-2␣. Because the cross-linking was done in single-cell suspensions, it is most likely that this dimer is derived from the cis interaction rather than the trans interaction. These results indicate that the interaction of nectin-2␣ with afadin is not essential for its cis dimerization.
Requirement of the Interaction of Nectin-2␣ with Afadin for Their Clustering at Cell-Cell Contact
Sites-To asses a role of afadin in cell-cell adhesion of nectin-2␣, we next performed immunofluorescence microscopy of nectin-2␣-L cells (clone 1) and nectin-2␣-⌬C-L cells (clone 1). Both nectin-2␣ and nectin-2␣-⌬C were localized at cell-cell contact sites, but nectin-2␣ showed the denser and sharper localization than nectin-2␣-⌬C (Fig. 4, A1 and B1) . In nectin-2␣-L cells (clone 1), afadin was concentrated and colocalized with nectin-2␣ at cell-cell contact sites (Fig. 4A2) . In nectin-2␣-⌬C-L cells (clone 1), however, afadin was not concentrated at cell-cell contact sites where nectin-2␣-⌬C was localized (Fig. 4B2) . These staining patterns of afadin were consistent with the above results obtained by the immunoprecipitation experiments. These results indicate that the interaction of nectin-2␣ with afadin is necessary for their clustering at cell-cell contact sites.
Inability of a Point-mutated Form of Nectin-2␣ to Show trans Interaction-During the vector construction for nectin-2␣, we incidentally obtained a point-mutated form of nectin-2␣ (pmnectin-2␣
). In this mutant, TTT (Phe) was replaced with CTT (Leu) at codon 136, which was located in the first Ig-like domain (Fig. 5A ). Computer analysis of secondary structure prediction indicated that this point mutation does not change the secondary structure of the first Ig-like domain (data not shown). We prepared an L cell line stably expressing pmnectin-2␣ (pm-nectin-2␣-L cells) and examined its properties. The expression level of pm-nectin-2␣ protein in this cell line was similar to that of nectin-2␣ protein in nectin-2␣-L cells (clone 3; Fig. 5B ), but pm-nectin-2␣-L cells did not show cell aggregation activity under the conditions in which nectin-2␣-L cells (clone 3) showed this activity (Fig. 5C ).
To confirm this result, mixed-cell aggregation assays between pm-nectin-2␣-L cells and DiI-prelabeled nectin-2␣-L cells (clone 3) were performed. Aggregates exclusively consisted of DiI-prelabeled nectin-2␣-L cells (Fig. 6, A1-A3) . In contrast, when nectin-2␣-⌬C-L cells (clone 3) were mixed with DiI-prelabeled nectin-2␣-L cells (clone 3), aggregates consisted evenly of both labeled and unlabeled cells (Fig. 6, B1-B3 ). These results indicate that pm-nectin-2␣ loses the trans interaction activity.
Immunoprecipitation analysis revealed that afadin was coimmunoprecipitated with pm-nectin-2␣, indicating that pmnectin-2␣ interacts with afadin in intact cells (Fig. 7) . Cell surface cross-linking of pm-nectin-2␣-L cells revealed that pmnectin-2␣ formed a cis dimer (Fig. 8) . To examine the localization of pm-nectin-2␣, pm-nectin-2␣-L cells were subjected to immunofluorescence microscopy. pm-nectin-2␣ was diffusely distributed throughout the cell surface and hardly concentrated at cell-cell contact sites ( Fig. 9A; see Fig. 4A1 ). Afadin showed the similar staining pattern ( Fig. 9B; see Fig. 4A2 ). These results indicate that the trans interaction (cell-cell adhesion activity) of nectin-2␣ is essential for its clustering at cell-cell contact sites. Recruitment to Cadherin-based Ajs-In the last set of experiments, we examined the localization of pm-nectin-2␣ in EL cells, which are cloned by introduction of the exogenous Ecadherin cDNA to L cells (42) . For this purpose, we prepared EL cells transiently expressing FLAG-tagged pm-nectin-2␣. In these cells, the FLAG-tagged protein was not recruited to cellcell AJs where E-cadherin and afadin were localized (Fig. 10,  A1, A2, B1, and B2) . The colocalization of afadin with E-cadherin at cell-cell AJs might be attributable to the presence of endogenous nectin-1 and -2. In contrast, in EL cells transiently expressing FLAG-tagged nectin-2␣, the FLAG-tagged protein was colocalized with E-cadherin and afadin at cell-cell AJs (data not shown). Taken together with our previous observation that nectin-1 is recruited to cadherin-based AJs through the interaction with afadin (2), these results indicate that the recruitment of nectin to cadherin-based AJs requires not only its interaction with afadin but also its trans interaction (cellcell adhesion activity). 
Requirement of the trans Interaction of Nectin-2␣ for Its
DISCUSSION
Nectin belongs to the Ig superfamily and constitutes a family consisting of at least three members, nectin-1, -2␣, and -2␦ (2-7). The Ig superfamily encompasses diverse molecules that share a common structural homology (43) (44) (45) . This superfamily includes CAMs and receptors for cytokines and growth factors. Of the Ig superfamily, some members, such as CD4 and ICAM, form cis dimers and interact with their ligands (46, 47) . Others, such as the platelet-derived growth factor receptor, interact with their ligands, resulting in their cis dimerization. We have shown here that nectin-2␣ forms a cis dimer in a single-cell suspension. Furthermore, pm-nectin-2␣ forms a cis dimer but does not show trans interaction (cell-cell adhesion activity). It is unlikely that the trans interaction of nectin induces its cis dimerization. It has been shown that the cis dimerization of cadherin is essential for its trans interaction (23, 24) . By analogy with cadherin, the cis dimerization of nectin may be a key regulatory step for its trans interaction.
It has been shown that cell-cell adhesion activity of nectin-2 is inhibited by anti-nectin-2 Abs, which recognize the first and third Ig-like domains (6) . It has been proposed from this result that the first and third Ig-like domains interact with each other on opposing cell surfaces in an antiparallel orientation. However, the first and third Ig-like domains of nectin may be responsible for its trans interaction (cell-cell adhesion activity) and cis dimerization, respectively, because we have shown here that the point mutation in the first Ig-like domain of nectin-2␣ (pm-nectin-2␣) completely abolishes its trans interaction but not its cis dimerization. The first Ig-like domain is classified to the V set according to secondary structure prediction (5) . Computer analysis of secondary structure prediction indicates that the point mutation (Phe to Leu) at the 136th amino acid residue of nectin-2␣ retains the secondary structure of the V set. Moreover, this Phe residue is conserved in the first Ig-like domain of nectin-1 as well as of nectin-2␦. It is likely that at least the Phe residue of the first Ig-like domain of each nectin member plays a key role in its trans interaction.
The cytoplasmic region of cadherin has at least two regulatory domains for the cis dimerization and/or trans interaction: a stimulatory domain at the distal portion, which interacts with catenins; and an inhibitory domain at the juxtamembrane portion, which interacts with p120
ctn (19, 20, (25) (26) (27) (28) (29) (30) . Deletion of the distal portion abolishes at least the trans interaction of cadherin (25) (26) (27) . Further deletion of the juxtamembrane portion restores the cis dimerization and trans interaction, indicating that the linkage of cadherin to the actin cytoskeleton through catenins is not essential for the cis dimerization or the trans interaction (20) . The properties of nectin-2␣-⌬C shown here are apparently similar to those of cadherin lacking both the juxtamembrane and distal regions. The linkage of various CAMs to the actin cytoskeleton may not be required for the cis dimerization or the trans interaction.
On the basis of our previous (2) and present observations, we propose a model for the mechanism of cell-cell adhesion of nectin and roles of afadin in this mechanism (Fig. 11) . Nectin first forms a cis dimer presumably through the third Ig-like domain, followed by its trans interaction presumably through the first Ig-like domain. Then, the interaction of nectin with afadin induces its clustering and recruitment to cadherinbased AJs. The trans interaction is likely to be an earlier step than the clustering and recruitment, because pm-nectin-2␣ does not show the clustering or colocalization with E-cadherin. On the other hand, the functional relationship between cadherin and nectin remains to be clarified. It also remains to be clarified how the interaction with afadin recruits nectin to cadherin-based AJs. We have recently identified an afadin- FIG. 10 . Requirement of the trans interaction of nectin-2␣ for its recruitment to cadherin-based AJs. FLAG-tagged pm-nectin-2␣ was transiently expressed in EL cells. These cells were doubly stained with the anti-FLAG Ab and the anti-E-cadherin Ab or the polyclonal anti-l-afadin Ab. A1 and A2, double staining for the FLAG-tagged protein and E-cadherin; B1 and B2, double staining for the FLAGtagged protein and afadin; A1 and B1, FLAG-tagged pm-nectin-2␣; A2, E-cadherin; B2, afadin. There was nuclear staining with this polyclonal anti-l-afadin Ab, but its significance is not clear. The results shown are representative of three independent experiments. Scale bars, 10 m. binding protein, named ponsin, which interacts with vinculin (48) . Because vinculin binds to ␣-catenin (49), it is possible that the nectin-afadin system is associated with the cadherin-catenin system at least through the ponsin-vinculin system. Further analysis of the nectin-afadin system will lead us to a better understanding of cell-cell adhesion at cadherin-based AJs.
